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The chemical and miner alog i cal composition of the lunar surface /will 
he known in the near future. It may therefore he of interest to consider 


to / 1 


the processes of Igneous rock differentiation as they may apply to the moon *\ 

/ ■' 

Such speculations may aid in making the extrapolations from suchr pre' 4 binary ' 

data which will he necessary in order to define more completed the nature 

/ / ■' 

of the surface and the processes by which it was formed. / 

/ 

The following discussion is based on the following major assumptions : 

1. the increase in total (lithostatic) pressure as a function Of depth 

beneath the surface is less for the moon than for the earth. ■" 

2. the moon, at some time in its history has /been hot enough, at least 
locally, to melt the silicate material of vhica it is composed. 

3* This melting process, although local at any one time, has taken place 
throughout a large portion of the upper part of the moon so that presently 
there are few places which have escaped igneous activity since the moon was 

i • ; ■ :• ■ / 

formed. , / 

4. Because of the ubiquitous nature of the melting (in place rather than 

. ; / / 

time) and the gravitative attraction of the moon, the rocks of the m6on have 
lost much of the material which, at standard tenperature and pressure are' 


. considered volatile. Water and oxygen are such materials of particular 
interest to this discussion. 


It turns out that several chemical processes which are suspected of 
controlling differentiation processes on earth may he affected by the factors 
discussed above. Furthermore, it seems that these physico-chemical para- 

r t' 

meters all drive the trend of differentiation in the same direction. 


‘ * Discussion of the Assumptions 

The most likely assumption, indeed, it is almost a fact, is that the 

• v .* 

. y ' ^ 

Increase in lithostatlc pressure with depth for the moon is less than that 
for the earth. Calculations based on a mean density of 3*3^ gms/cm 3 and 
allowing for the variation of gravity with depth have been made by Lowman 

; i . . f 

■ _1 (1963). She pressure-depth relations thus derived are presented in figure lw* 
Figure 1 also shows the depth vs. pressure curve derived from data presented 
4 by Howell (1939)* 

There are several present indications that the moon is not a cold body. 
Heating due to the decay of radioactive isotppes, by meteorite impact and 
other methods (Kopal, 1962) are considered to have increased the heat content 

’ . m * . « 4 > 

of the moon with time. It is however, impossible to be certain about the 

V 

thermal gradient at depth and the possibility of lo cali zed heating in the 
moon. Widespread rock mftj-fc-tng on the moon i6 therefore questionable. 

. ‘ MacDonald (1961) has calculated the rise in the temperature of the moon 

, . ii 

V s *;: due only to radioactive decay. Assuming that the average content of radio- 
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temperatures at the center of the moon approach or exceed the melting 
temperatures of basic rocks, even If the moon were initially cold* It is 
more important to the present vork that these melting temperatures are 
approached since if they are exceeded, no fractionation occurs* This pro- 
cess takes place vhen melting is localized in "hot spots" or when the 
melting points of the metre refractory constituents axe not attained. Once 
such a process is begun, it is abetted due to the fact that the radiogenic 
heat producers (potassium, uranium and thorium) are concentrated in the ' 

lig hter, more siliceous fraction. 

, Hie lunar P-T gradient determined from MacDonald's data and t! ' data 

-.*.**' * *• 

Yffr ^presented in figure 1 is fc&own in figure 2. Opik ( 1962 ), considering t ho 

ins ulating properties of the moon's surface layer, estimates a temperature 

of 600 C at a depth of 10 km (« 0.6 kilobars ) . Although Opik considers this 

value to he qualitative, the Indication is that the lunar P-T curve of 

* : figure 2 is not unrealistic. The terrestrial P-T curve as presented by 

Turner and Yerhoogen (l95l) is also shown in figure 2. 

It appears from the data in figure 2 that the temperature s of igneous 
rock fractionation and the partial melting temperature of basic rocks, 1100 C* 
vould normally be attained at a depth of about 500 km . beneath the lunar 'Tv- 


surface, even if the moon were originally a cold body. There is thus a good 
possibility that localized melting of silicate material has occurred on the 
moon. It seems likely that such melting has taken place randomly in time 
and space after the 1 oi ,tf build-up of heat and before the loss cof volatiles 
increased the melting temperatures appreciably. The latter stages of Igneous 

: : . . • • -• - :&• v - :• i- ■ : r \\ 
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activity -would be restricted to those rock types and localities which ba d 

the proper combination of low-melting constituents, high radioactive heat 

* •** 

generation, low lithostatic pressure and/or high water pressure. 

O’Keefe and Came r on (1962) have presented evi denc e for melting and 
differentiation of the moon. They su gg ested that the surfaces of the maria 
were covered by* welded tuffs. Lovman (1963) discussed the nature of - igneous 
activity on the moon. He argues that the emplacement of the great granite 
batholiths and the basalt flows on earth are generally* associated with oro- 
genic or sedimentary cycles. Since it is unlikely that such activity has 
occurred on the moon, he proposes that igneous rocks on the moon were 
emplaced as lopoliths which, on earth, are not associated with sue' cycles. 

He suggests that these lunar lopoliths, represented by the maria, cure largely 


\ 

the result of repetitive extrusive volcanlsm and that they are capped by 
their own differentiates. 

Such a picture seems a bit more coherent than that proposed by Salisbury 
(1962) which involved the extrusion of the maria in one stage shortly 
followed by the formation of a crust over the still-molten maria. Salisbury 
suggests that the volatiles released by -this sub-crustal lava was trapped 
by the crust at the edge of the maria. Such a process of vapor collection 
seems unlikely for several reasons. The crusts of terrestrial lava flows 
are generally disturbed and broken by movements of the lava underneath. 
Assuming, however, that a continuous cap could form in some way and the 
original water, comprising 6 weight percent of the magma, is trapped in the 
volume resulting from the increased density as the magma cools to form 
crystalline rock, the cap would have to retain a pressure of four kilobars 


1 , 3 


at the temperature of crystallization of the rock. 




• : !• ' 
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In an attempt to explain the origin of the lunar domes, Salisbury ( 1961 ) 
further suggests that the reaction between peridotite and. water at 500° C 
which results In a significant volume increase of the resulting serpentine , 
causes the lunar domes to be punched up* It is suggested that this reaction . 
takes place at the 500 ° isotherm beneath the surface of the moon which, ./ 
according to figures 1 and 2 , lies at a depth of approximately $0 km* It 
is difficult to imagine how the domes, which have a maximum diameter of ^ 
about 10 km, could originate from a reaction which takes place at $0 km. 
Furthermore, the process of serpentinization might often result in elongated 
or imbricate uplifts and. thus falls to explain the generally circular /out- 


lines of lunar domes* 


/ 


/ 


She final assumption of depletion of volatiles in the moon hinges on 

/ X 

the earlier assumptions. If widespread igneous activity has occurred on 
the moon, the volatiles original ly contained in the lunar material must 


/xe. 


have been, to a large extent, brought to the surface and then /released intc 

space* A very small fraction of these volatiles may have collected in cold 

. / 
traps in shaded areas or in cold layers beneath the surface, but many of 

these regions would be subject to later periods of volcanic activity. There 
seems to be no strong mechanism for returning volatiles to depth such as 
the sedimentary cycles on earth. In addition, since the volatiles, particu- 
larly water, generally serve to lower the melting point of rocks, those 
regions in the moon with hi gher volatile content would be most susceptible 
to melting* The mob ilit y of volatiles in aureoles of contact rock on earth 
strongly suggests that diffusion, coupled with magmatic reworking of lunar 


L 


rocks would be effective in removing a great deal of volatil e s from the moon* 
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Petrogenetic Processes Affecting Lunar Ms 


The effect of total pressure* Two principal trends of differentiation 


of igneous rocks have teen recognized by petrologists for 


if different 
many years. 


tholeitic series begins -with a primary differentiate of basalt which is 
rich in augite and poor in olivine. This trend terminates with a rhyolitic 
end-product and is therefore characterized throughout by a relative abundance 
of the Si 0 2 constituent. On the other hand, the /primary precipitate of thq^ ' 


alkali e basalt trend is a basalt rich in olivin^ and the final product is 
trachyte which is silica-deficient. / 

Yoder and Tilley (1962) have recently argued that these two magma typeh^ 
could be derived f*om the same (more basic) parent material by fracti<' xrl v 
crystallization or partial fusion of this parent under contrasting pressure 
conditions. Their discussion seems to have considerable bearing on the 
in our investigation of differentiation trends of lunar rocks. • 

Hie composition of the final liquid remaining after the crystallization 
of a rock melt, or the first liquid to form when a rock is melted is, of 
course, a function of the mlneralogical composition of the rock. This 
mineralogies! composition, however, may not be constant for a given bulk 
composition since phase transformations in the solid state may occur before 
the rock melts. Many such reactions have been deduced from metamorphic / 
rocks and have often been found, in the laboratory, to be dependent on 
pressure. Thus, the pressure conditions which exist during rock melting^ 
will he a determining factor in the composition of the primary or tha 
residual liquid. f 

Fig. 5 , a, b and c illustrates ternary relationships of such nigh 
pressure solid state phase transformations which Yoder and Tilley have shewn 


f 

• • 7 


J 

and which they feel have some effect on the differentiation trends of the 
parent material* Figure 3 * indicates that, at high pressures, 'iadeite 
becomes stable and albite and forsterlte react^to form enstatite and Jadeite* 
'When crystallized at high pressure, compositions in the Held, f or sterit e -x- 
enstatite yield a residual liquid which lies in Idle field forsterlte -jadeite— “ 
enstatite and is relatively diflcient in silica compared with the residuum 
produced by crystallization at low pressures. Figure 3 b illustrates the, 
high pressure reaction of leuclte and enstatite to form forsterlte and sanadina* 
In this case, those residual liquids resulting from crystallization of 
mixtures in the field forsterite-x-enstatite are relatively deple - i in 
silica if crystallization occurs at high pressures* Similarly figure 3 c 
indicates the reaction of anorthite and forsterlte to form pyropa and grossu- 
larite. Upon fractional crystallization at high pressures, mixtures in the 
field forsterlte -x-pyrope become relatively depleted in silica, 
ftL H In figure 4 the pressure-temperature conditions of melting in the high- 

pressure "eclogite" field and low pressure "basalt" according to a diagram 
by Yoder and Tilley (1962) are Illustrated. Superimposed on these relations 
are the P-T gradients for the earth and moon. 

Since partial melting and differentiation result from local heating 
(corresponding to a horizontal movement to the right from the P-T gradient 
curves is figure 2) it is evident that terrestrial differentiation can occur 
from either the basalt or eclogite field, resulting in either tholeitic or 
alkaline trends* On the moon, however, it is . more likely that local heating 


./ f. 


' . 
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will result in partial melting in the basalt field. Thin indicates that 
the lunar igneous rocks trill follow a tholeitic trend and he generally 
higher in silica. 

v. 

The effect of water deficiency . Several effects of water vapor pres- 
sure on the melting relations of granites have been discussed by Tuttle / 
and Bowen (1958). Increased water pressure lowers the melting point of\^ 

£ granite (figure 5 ) and changes the composition of the eutectic in the 
ternary "granite" system 3 - (figure 6). 

The higher temperatures at lower pressures occurring on the moon which 
was just discussed will also affect the composition of the granite differ- 
entiate through the change in the position of the eutectic in the .-anite" 
system. Granites on the moon will be formed by local heating at pressures 


which .will generally be lower than the pressures involved in the formation 
of terrestrial granites causing the lunar granites to be more siliceous and 
higher in quartz content. 

Lower water abundance during the formation of granites will tend to 
diminish the amount, but not the composition, of the granite formed. Let 
us imagine the following isolated system: crystalline rock of granite 

composition with 2$ total water at a depth of 80 km beneath the lunar 
surface and consequently at a pressure of approximately 4 kil ohars (see 
figure l). The ordinary temperature at this depth would be about 350° C 
(see figures 2, 3) but local heating results in a rise in temperature of 
the system. At approximately 660 C (see figure 5 ) water vapor will combine 


^Since granites are composed essentially of quartz (Si0 2 ), orthoclase 
(KAlS± 30 a) and albite (liaAlSisOa) , extrapolation of the phase relations 
determined for this simplified system to natural systems is justified. 
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•with crystalline rock to form a silicate melt. Thin melt will have the / 

/ 

equilibrium amount of water for a granite melt under these P-T conditions, 
namely 9 veight percent. This relationship will be maint ained as heat /is 
added to the system until all the vapor is consumed. The system now consists 
of about 25$ melt (silicate + water) and 75$ crystalline granite. Fy/rther 


melting is ingpossible unless temperature increases. If this occurs; more 
rock gradually melts until, at 820 ° C a granitic liquid with 2 $ water is 
the only phase in the system. If the assumption of decreased wa4er nb.mflftnw 
on the moon is correct (and this follows directly from the assumption of 
widespread vulcanism) the above illustration indicates the mechanism b if 
which lu na r vulcanism may have been self -limiting. The requirement ■ h 
lunar rocks be heated to considerably higher temperatures may have cc^si~ 
derably slowed down the pace of volcanic activity in the later his ory of 

the moon. / / 

. / / 

If we generalize the previous illustration somewhat by choosing a 
basaltic composition instead of a granitic composition we may investigate 


the effect of decreased water abundance of the composition of the differentiate. 
In this case, the first melt to form will be approximately of granite 

composition but as additional material melts, the composition of the liquid 

/ 

will become more basic. In short order, however/, melting ceases because 


the water is consumed. The result is a melt whjich diverges much less from 

- *““ * T ““ "" “ 

greater water abundance. It thus appears that the later products of lunar 
magmatic activity should., in general, lie closer to granitic composition 
than they do on earth. In other words, the intermediate dacites and 
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andesites should be relatively less abundant on the moon, compared with 
rhyolites, than they are on earth. These rocks should, in general, be 
richer in Si0 2 than their terrestrial counterparts. 

The effect of oxygen deficiency . Investigation of the Skaergaard 
intrusion of Greenland has pointed up the difference between two differen- 
tiation trends in igneous rocks. The difference between these trends is 
best shown in a ternary diagram which 6hows the variation of the components 
flS ? (CaQ + MgO), (FeO + Fe 2 0s ) and + K 2 0 + Si0 2 ) as in figure J. The 

rocks of the normal sequence (as shown by the analytical results of Tahitian 
. rocks) follow a trend in which CaO, MgO, FeO and Fe 2 03 progressive' • 

decrease while Na 2 0, K 2 0 and Si0 2 increase. The other trend (as sh-wn by 
analyses of Skaergaard rocks) is characterized by an initial, extreme, 

■ enrichment in iron. Kennedy (1955) has shown that such a sequence may be 
caused by primary precipitation of fayalitic olivine (Fe^iO*) at low 


oxygen pressures resultin g in a relative depletion of S10 2 in the magma. x ^ 

^ V 

On the other hand, work by Osborn has shown that the primary precipitation 

V 

of magnetite (Fe 30 4 ) due to high oxygea pressures results in silica enrich m e nt 
in the residual magma. . 

V, \ ■ 

Differentiation of lunar magmas, especially in the later stages of 

v 

magmatic activity, would take place under lowered partial pressure of 
oxygen. Progressive degassing of the moon may have lowered the availability 
of oxygen to such an extent that instead of divalent iron coming out in 
Fe 2 Si0 4 , me talli c iron would separate as an immiscible liquid or as a 
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crystalline phase. Xu 'this case the trend would he characterized by 
depletion of iron, magnesium and calcium in the magma and consequent y 
concentration of allc a l1 .es and silica* / 


Conclusions // 

We have started with the assumption that the b uild -up of^r&diogenic 

heat in the moon has resulted in ubiquitous magma generation.' /such igneous 

/ 

activity should have occurred sporadically over the surface of the moon 
resulting in the differentiation of a lunar crust (if it did not already 

exist at the time of the formation of the moon). Such differentiation 

/ 

served not only to concentrate the radioisotopes/ in the more acidic crustal 


fraction tending to increase the amount of volcanic activity at t .a surface 
and further degassing and dehydrating the surficial rocks* Locs of volatiles, 
however has had the opposite effect of decreasing the generation of magmas. 
Lack of water and sedimentary recycling may 'be the reason why the moon 
seems to he a cold body since volcanic activity may have been greatly ' 

curtailed in the recent selenological past. 

It is with the products of the most recent stages of lunar magma ' 
generation with which this paper deals. Three factors affecting terrestrial 
magmatic trends which have been studied in the laboratory and in the fields 
have been discussed in terms of their effect on lunar differentiation trends. 
Two factors, the lower pressure gradient with depth and the supposed water 
deficiency of the. moon would tend to cause lunar magmas jto he acidic or 
silica-rich. An extremely low abundance or fugaclty of ! oxygen would tend - y 


to have the same effect « 



12 


V 


X 


While such a priori reasoning may he quickly and certainly invalidated 
by analyses of the lunar surface. It is hoped that consideration of theo- 
retical petrology vlll enable full utilization and greater understanding 
of the significance of the first remote instrumental analyses of the surface 
of the moon* 
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FIGURE CAPTIONS 

Fig. 1 Pressure-depth relationships for the earth (after Howell, 1 959)/ 

' and the moon (after Louman, 19 & 3 ) 

Fig. 2 Pressure-temperature relationships for the earth (after Turner 
and Verhoogen, 1951) and- the moon (after MacDonald, 1961 ) / 

Fig. 5 Ternary representations of low-pressure phase relations (in solid 

lines) and high-pressure reaction products (joined by dashed lines). 

• / ; \ 

(After Yoder and Tilley, 1962 .) The reactions represented are : 7 

> *- / 
a: albite + forsterite -* enstatite ■+ Jadeite 

/ 

bx leucite + enstatite -* forsterite + sanadine 

c: anorthite + forsterite -♦ pyrope + grossularite (Ca— Tcherma’ 's molecule). 

Fig. 4 Pressure -temperature phase relations of material of basalvic 
composition (after Yoder and Tilley, 1962 ). Superimposed are the P-T 
curves of figure 2. 

Fig. 5 Pressure-temperature phase relations id the system granite-water 
(after Tattle and Bowen, 1958). The P-T curve assumes excess water vapor 
while the curve labeled "2$ H 2 0" Indi cates the conditions under which, a 
granite melt will contain two weight percent water. 

Fig. 6 Position of the mi n* mum in the system albite-orthoclase-silica as 
a function of water pressure (after Tuttle and Bowen, 1958) • 

Fig. 7 Igneous differentiation trends of Skaergaard and Tahiti rocks in 
terms of the components (CaO ’-MgO), (FeO FegOa) and (Na 2 0 K 2 0 S10 2 ) • 

Data from Turner and Verhoogen (l95l) ?are schematically represented. 
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